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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
ADVANCE RESTRICTED REPORT

EFFECT OF COAXTIAL LAPPING OF CAST-IRON PISTON
RINGS ON RING PERFORMANCE

By Sidney J. Shames, Eugene S. Machlin,
and John G. Wilson

SUMMARY

A series of 25-hour accelerated high-output tests was run on a
single-cylinder aircraft~type spark-ignition engine to determine
the effect of coaxial lapping of plston rings prior to engine oper-
ation. Standard cast-iron rings were used and were tested as fol-
lows: (1) with all rings lapped, and (2) with only the oil-control
rings lapped.

The resulls show that coaxial lapping with loose abrasive
reduced both wear and scuffing. The difference was sulficiently
marked to warrant investigating similar finishes produced mechani-
cally. Surface-finish measurements showed that a change is produced
in the root-mean-square profile height, maximum profile height,
ridge-roughness number, and scratch pitch of the ring-surface pro-
file as a result of coaxial lapping. The beneficial effact of these
changes on ring performance may be accounted for by theory.

INTRODUCTION

The surface finish required for best operation of the cylinder
barrel and the piston rings of an aircraft engine 1s unknown. Some
combinations of piston-ring and cylinder-barrel materials require
relatively rough surfaces to.facilitate good run-in. Other combi-
nations of piston-ring and cylinder-~barrel materials use relatively
smooth surfaces.

The object of the tests reported herein was to determine the
effect on performance of lapping the cast-iron rings in the soft-
steel cylinder barrel subsequently tested. This work is a phase of
the problem of the selection of an assembly and running-in schedule
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to provide longest engine 1life. Lapping-in of rings is considered
as a method of increasing the compatibility of the ring with the
cylinder surface and thus decreasing the required running-in time
and also increasing the 1life of the assembly.

The results reported were obtained at the Langley Memorial
Aercnautical Laboratory during the summer of 1942 from accelerated
high-output tests of a single-cylinder engine equipped with a stand-
ard aircraft cylinder and piston assembly. The work included tests
with lapped and unlapped cast-iron rings of the type usually used
in the particular combination under test.

DEFINITIONS

rms - The rcot-mean~square height of the profile as measured by the
piezoelectric crystal tyvme surface-finish analyzer, expressed in
microinches.

maximum profile height - The distance b=>tween plan3s passing through
tha highest and lowest points of the profil:, =xpressed in micro-
inches.

parcentige bearing area — The percentage of area of a given plane
that is intersected by the swrface profile. The given plane is
parallel to and at a given distance from the nominal surface.

ridga-roughness number - The distance betwesn planes of 2-percent
and 50-pzrcent bearing arsa, expressad in microinches. This var-
ticular roughness number was chosom heciuse of 1is ease of compu~
tation. The choicc of 2-psreent brarsing area eliminates the
effz2t of singlc isclatad peaks on the roughness numbzr. The
ridg.~rounghness number was cbtained from the oscillograms taken
with the surface-finish analyzer. The axial ridge-roughness num-
ber refers to the ridge-roughness numb.r obtained from a trace in
thy axial direction. Sinmilarly, the circumferential ridgz-~
roughn2ss nurbaer refers to the ridge-roughness number obtained
from a trace in the circumfersntial direction.

average ridge-roughness number — The product of the axial and cir-
cumferential ridge-rcughness numbers, expressed in microinchas
squared.
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APPARATUS

A schematic layout of tﬁe tés£ equipﬁgﬁt used is shown in fig-
ure 1. The qylinder assembly consisted of an air-cooled cylinder

operating with a 5--1nch stroke and a 6.63 compression ratio. This

cylinder has a bore of 52 inches and is made of chrome-molybdenum

steel (SAE 4140, Brinellhhardness, 298 to 320). The cylinder,
plston, and piston rings were stock aircraft-engine parts. The
piston was supplied with two auxiliary oil jets directed at the
under side of the piston with a flow rate of 7 pounds per minute.
These jets simulate the throw-off from the master-rod bearing and
the oil from the crankshaft jet.

The fuel was injected into the manifold by means of a manifold
injection nozzle, which had fuel delivered to it by a port-controlled
fuel-injection pump. Combustion air was supplied by a separately
drive:n blower and was heated by an electrical heater to the required
temperature. A sharp-edge thin-plate orifice assembled to A.S.H.E.
stanilards (reference 1) measured the rate of inlet-air flow. Cooling
air was supplied by a separately driven blower.

Blow-by was measured by a positive-displacement gas meter con-
nected to the crankcase breather line. 1In order to maintain a con-
stant crankcase leakage, the crankcase pressure was maintained at
1/2 inch of water vacuum. 0il consumption was measured by a vclume-
displacement method corrected for variations in temperaturse.

Standard NACA test equipment was used to measure fuel consump-
tion, speed, and torque. Surface-finish records were taken with a
piezoelectric crystal type of surface-finish analyzer equipped with
a root-mean-square meter. This analyzer records measurements in
microinches, rms.

The apparatus used for lapping consisted of a dummy piston of
the same type as the piston used in the tests and an extension
handle attached to the piston pin of the dummy piston. The rings
to be lapved were placed in their respective grooves in the dummy
piston; the empty grooves were filled with dummy piston rings. The
rings were lapped in the cylinder, which was subsequently tested.

The lapping compound is mainly composed of silicon carbide
grains dispersed in an oil binder. The grain is specified grit
No. LOO. When reviewed under the microscope with a calibrated aye-
piece, the abrasive particles vary from 0,001 to 0.0015 inch in
diameter. The abrasive particles seem to be uniform in size.
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The piezoelectric crystal-type surface-finish analyzer used in
this investipgation was equipped with an oscillograph that enabled
oscillograms of the surface profile to be taken. The electrical
characteristic of the piezoelectric crystal is such that the oscil-
lograph tracer will tend to return to the center line of the oscil-
logram after it is displaced. 1If the specimen peak is nearly flat
the form of the return curve will be similar to the section of the
trace a-b in figure 2(b). In addition to the root-mean-square
height and maximum profile height, the surface-finish measurements
contain as another parameter the ridge-roughness number which,
toge ther with the other parameters, gives an indication of the pro-
file shape. Surface-finish measurements for the barrel were taken
on the center of the thrust face. Piston-ring measurements were
taken on the face 180° from the gap.

TESTS

Tests were conducted with the following ring assemblies:

1. Standard cast-iron rings - all lapped to full-face content
(three compression, two dual oil control, and one scraper)

2. Standard cast-iron rings - only oil-control and scraper
rings lapped

With the exception of the lapping procedure as stated in the
preceding paragraph, the following was the procedure for engine
assembly and operation:

1. The cylinder barrel was polished with abrasive papers of
grit No. 320 and grit No. L0O.

2. The rings were then coaxially lapped (lapping motion was
straight up and down) in the cylinder barrel in which the rings wers
subsequently tested. The lapping compound used was further diluted
with lard oil. The cylinders were cleaned after lapping by washing
with an organic cleaning agsnt and then dried by directing a stream
of compressed air against the cylinder walls.

%. The rings were then weighed; measurements were taken of sur-
face finish, clearances, and bore.

L. The cngine was assembled and run in for a period of 71 hours;
the speed and the load were gradually increased. L
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5. The 25-hour accelerated high-output test was performed.

" 6. The engine vms disassembled; rings were cleaned and weighed;
surface-finish and bore measurements were taken.

The following schedule and conditions were adhered to for the
7E-hour run-in period:

(a) Run~in schedule:

Run Condi- Speed |Time | Horse-
tion (rpm) | (hr) | power
1 Motor |800-1000 | 1/4 | ————
2 { 1000 2 18
3 1500 1 32
L 1770 1 L6
S Tower { 2000 1 60
6 2200 1/2 Th
7 2200 3/4 32.14
8 2200 3/ 99

(b) Run-in conditierns:

Spark advance, degrees B.T«Ce « « ¢ « &« s & » « « » 20 to 25

0il temperature (starting), OF . . « ¢ « « « = « « « . 130%10
0il temperature (operating), F « + « « + o o « « » » » 1B85%2
Waximum rear spark-plug-bushing temperature, %F . . . . L4550
Downstream barrel (center of muff) temperature, °F . . 235
Fuel-air ratio « o« & « ¢ o ¢ « » o« « = s o« o « « » « 0.09510.005

The following conditions were adhered to for the 25-hour accel-
erated high-output test:

Brake mean effective pressure, pounds per

BQuAare incth o« « o o ¢ « o 4 + o o o s « & & o« & 250
Speed, IPIM + « o o o ¢ = s s o » o o o 8 s s 8 =« 2200
Spark advance, degrees B.TeCe « ¢« o v ¢ o & » & . 27

310+3

Rear spark-plug-bushing temperature, °F « « . .
Combustion-air temperature, OF . « ¢ ¢« ¢ « & &

52010
125%2
185%2

Downstream barrel (center of muff) temperature, °F .
per gallon
L}

Oil_in temmrature, OF " ® o @ = s @ = e & . e

Fuel .« . « . 100-octane and % cc tetraethyl lead
Fue-j-_a ir ratio L] L [ ] - . L) L] L] L] L] | ] L ] L] L ] - L) L]
Duration, hours . + « « o« o s o« « v s o ¢ ¢ o o« s

. 0.095%0.002
..l25
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In order to obtain results that could be ccnsidered represen-
tative for a particular assembly, the tests were repeated with each
assembly until comparable results were obtained. In no case, how-
ever, were more than three tests run for any one assembly. The
results tabulated in table 1 are an average of two tests and are
considered to be representative for the particular assembly.

RESULTS AND DISCUSSICN

Effects of lapping on ring performance.- The results of these
tests on coaxially lapped ani unlapped cast-iron piston rings are
shomn in tables 1 and 2 and figures 2 to 7. Tables 1 and 2 present
the piston-ring weight losses and surface~finish data. Figures 2,
3, and L are oscillograms of the surface profile, figures 5 and 6
are photcgraphs of the piston rings, and figure 7 is a typical per-
formance curve. Figure 8 shcws the arrangement of the rings on the
pistorn, fcr convenience of reference. Photomicrographs (figs. 9
and 10) show the mertallurgical structure of the viston-ring iron
used in these testis.

Thece data show that coaxial lapping cf cast-iron rings reduced
the weight loss and resulted in a better surface after operation.
The improved surface condition refers 1o the elimination of ring
scuffing with coaxial lapping. This improvement is evident from a
comparison of the photographs (figs. 5§ and 6). The spacific oil con~
sumption and blow-by were approximately the same fcr both ring
assemblies. Figures 9 and 10 show that the metallurgical structure
consists of fine pearlite. #uch of the pearlite surrounded by the
steadite is in the form of dendrites. The graphite structure cor-
responds closely to 60 percent sizes 7 to 8, type A; and L9 percent
sizes L to 5, tyre B, A.5.T.¥. Designation:A247 (graphite flake
size and type designation). The structure of this piston-ring iron
is similar to, if nct identical with, the structure in figures 1
and 2 of refersnce 2.

Effect of lapning and operatiorn on surface finish.- The
surface~finish measurements of the rings as received from the manu-
facturer show higher values cl the root-mean-sjuare profile height
(rms), the maximum procfile height, and the ridge-roughnz2ss number
when the trace is in the axial direction as compared with the trace
in tne circumferential directicn. Coaxially lapping the rings
resulted in surface-finish parameters (rms, maximum profile height,
and ridge-roughness number) of smaller values in the axial diresc-
tion than in the circumfersential direction. In addition to this
change in the direction of roughnsss, lapping also resulted in a
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decrease in the average ridge-roughness number and a decrease in
scratch pitch. The directional surface roughness of the rings pro-
duced by operation was similar to that produced by coaxial lapping.
The magnitudes of the values of all the surface—finish parameters,
however, (rms, maximum profile height, and ridge-roughness number)
were decreased. Operation also resulted in a further reduction in
the average ridge-roughness number. With the exception of the
scuffed areas, the surface finish of the rings after operation was
approximately the same for either assembly (lapped or unlapped).

The results also show that operation resduced the root-mean-square
profile height of the barrel.

Theories correlating the benefits of coaxial lapping.- Some
cf the changes in surface finish produced bty coaxial lapplng are
believed to be reasons for the reduced wear. These changes are
(1) the change in directional roughness, (2) the decrease of scratch
pitch, (3) the decrease of average ridge-roughness number, and
(L) the change in the general character of the surface as affecting
bourdary lubrication.

The directional roughness of the ring and cylinder surfaces
produced by coaxial lapping was smoother in the direction of rubbing
and was similar to that produced by ergine operation. This direc-
tional roughness is believed to contribute to reduced wear because
fewer surface asperities will have to be removed in the direction
of rubbing befcre the surfaces reach their opsrating finish,

The oscillogram reproduced as figure 3(b) shows a decreased
scratch piteh resulting from the coaxial-lapping operation. Cracks
existing in the surface peaks will be more prcne to increase peak
wear on a surface having a small scratch pitch than on a surface
having a large scratch pitch. In this way, the coaxial-lapping
cperation may facilitate the seating of the rings and thus accel-
erate the running-in process.

The working bearing area under bcundary lubrication is believed
to be better indicated by the product of the circumferential and
axial ridge-roughness nurbers rather than by either one individually,
brcause an area is determined by two coordinates. The decreased
average ridge-roughness number may thus indicate a tendency for
milder boundary lubricaticn because there may be a greater amount
of bearing area effective undsr boundary-lubrication conditions.

This tendency for milder boundary lubrication should result in
reduced wear and in an improved surface condition.

Another factor in determining the suitability of a surface to
operate satisfactorily under boundary-lubrication conditions is its
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abllity to retain and repair an oil film. Until recently the abil-.
ity of a surface 1o retain an oil film was considered one of the
main prerequisites for satisfactory boundary lubrication. It has,
however, been stated recently (reference 3) that the rate of repair
of a ruptured oil film on a surface will affect the rate of wear of
that surface. Thus, only when the surface will be conducive to the
repair of the film, can sustained operation under boundary-
lubrication conditions take place.

Althcugh the surface nrofile that will result in the most sat-
isfactory cperation under boundary-lubricatisn conditicns is still
a matter of doubt, Burwell's work (reference l) providss some infor-
maticn on the faniamental requirements of such surfaces. BRurwell
showed that the finish of the surface on wkich an oil was spread,
in addition to the surface tension and contact angle of the nil,
determined its spread. Ye showed that, if an oil is once spread,
it will stay farther spreart on a rough surface than on a smooth sur-
fac:. His work also showed that an oil would spread farther on a
smo<th surface if initially a.ided in one spot. Because satisfactory
piston-ring lubricaticn probaoly reynires 2 combirution of oil
spreading and oil repairing in order to maintain satisfactory
boundary-lubrication conditions, it is pos.ible that the coaxial-
lapping cperation rather than the factory turning provided the better
compromise for the best operation. 7Ths problem is further compli-
cated because pision-ring lubrication ranges from hydrodynamic lubri-
cation to boundary lubrication at different peints of the stroke.
Eourclary-lubrication conditions have been considzred in more detail
because during these conditions appreciable vear takes place.

Although the beneficial effects from ccaxial lapping are mostly
attributed to the change in surface finish produced bty this opera-
tion, another factor that enters when cast iron is used is the
prcparty cf cast iron to tring occluded graphite o the surface when
it is abrada=d under the proper physical conditions. The occurrence
of this phenomencn has been proved by electron-diffraction experi-
ments (reference 5). This graphite acts as a lubricant under
beundary-lnbricatiosn cenditions and retards the wear. Tt is there-
feore possible that lapping of cast-iron rings may tend to bring
occluded graphite to the surface and in this way may provide another
explanation of tbe improved performance writh lapped cast-iron rings.

Gzneral remarks.- The reason that lap;ying had no effect on oll
consumption is belisv 4 to be due to the very =fficient cperaticn
of the oil-centrol rings and to th: fact that this particular design
of flat-faced compression ring does not ordinarily contribute to a
chunge of oil control within a 25-hour tzst. The extremely low
va'ues ¢f oil consumption obtained provide =vidence of this fact.
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The results of these tests were so conclusively in favor of
lapped surfaces that it would seem desirable to reproduce this type
of surface by machine operation. If this type of surface can be
satisfactorily reproduced, the ring perfcrmurce with machine-
produced surfaces should be compared with the perform:nce obtained
with the lapped surfaces.

CONCLUSIONS

Accelerated high-output tests of 25-hour duration on an air-
cooled aircraft cylinder having a barrel made of chrome-molybdenum
steel and using turnad cast-iren rings showed the following:

1. Coaxial lapping reduced wear in operation.
2. Coaxial lapping reduéed scuffing of cast-iron rings.

The change in surface finish produced solely by the coaxial-
lapping operaticen is as follows:

1. The root-mear.-square height. the maximum profile height,
and the ridge-roughn=ss niaber in the axial dirsction were reduced.

2. The root-mezn-sjuare aeight, tne maxiroum profile height,
and the ridge-rougknezs number in the c.rcrmnferentral direction were
increased; the scratcl. piiclh and averas: ridge--roughness number were
decreased.

2. The average ridge-roughness number was decreased.

L. The direction of roughness produced by the coaxial lapping
wvas similar to that obtained in operation.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Claveland, Ohio.
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TAHLE 1
‘RESULTS 'OF- STANDARD CAST-IRON. RING TRSTS
Average of two tests

A. Ring Wear

| Lapped | Unlapped
Average | Average
Ring wolght | welght
. loss loss .
(gram) | (grem)
1 0.137 0.306
2 .076 .156
3 .062 .139
4 .085 .162
5 .101 .123
6 .030 .053
Total of three campression rings .275 .601
Total of all rings . 493 . 949
Specific oil comsumption,
1b/bhp-hr 0.005 0,005
Blow-by, ou ft/min
(uncorrected) 2.20 2.13

B, Surface-Finish Results Before and After Test

[Results in microin., rms, as measured by plezo-
electric crystal type surface-finish analyzer]

Directlion of Lapped Unlapped
tracer movemoent | Beforse| After | Before| After
Top ring Axinl 15-30{ 3-9 | 240-65 3-6

(180° from gap)}|Circumferential | 30-50| 10-25 | 815-35 11-31

Barrol Axlal 15-30] 3-7
(thrust center) || Circumferential 7-20] 8-13

838 obtained from manufacturer (turned).
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TABLE 2
SURFACE-FINISH PARAMETERS

[Results in microin.]

Axial Clrcumferential
Root-mean-square height, microln., rms
Before lapping | 40-60 | 16-27
After lapping 15-26 36=-47
After operation] 2-5 8-18
Maximum profile helght, microin.
Before lapping | 8200 28180
After lapping 2120 a260
After operatl a35 a190
Ridge-roughness number, microin.

. Before lapping | PL50 ~ B70
After lapping 50 b120
After operatior P10 70

(Average® ridge-roughness number)z , microin, 2
Before lapping 10,500
After lapping 6,000
After operation 700

8310 microin,

b45 microin.

CThe average ridgs-roughness number is equal to
the product of the axial and circumferential
ridge~-roughness numbers.
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Figure 1. - Schematic layout of test equipment.

*ON Y¥Y YIVN

S1dh3

.'l:'



v
4

|
__CHART NO. 325 '
[T T T L [T T LT T LTI TP T
e T T T LT A T T L T T
,I'f’l' S M I 'l 3 I .'."':I l[ ",._ ' [ l r :"".'-"' . - _]
iGN R f . . 2 : Niogl ' \ [ i I LI (
T LE T T ]
Fig LS v IRV LSV T
T \ B GL RS -
1P WL | N BN LUV
Xu\\\ T LU U Ty \
“\\\\\\\\V\\\.\AT\\\\\\\L\\\\\\‘\\\\\\\ATA\\\\\\\YX
(a) Direction, axial;
vertical magnification, L000;
i horizontal magnification, 80.
; ' CHART NO. 3-25 -
l B
I
: | )y 1N
- i AN AN aE RN I
v Y I T A N il TNC
| |

SRR

(b) Direction, circumferential;
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Fisure 2. - Osclllograms of the surface profile of a cast-iron ring
before lapping (turned)
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Figure 3. - Oscillograms of the surface profile of a cast-iron ring after
lapping.
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horizontal magnification, 8o.

CHART NO. 3-23

(v)

Figure L. - Oscillograms of the surface

Direction, axlal;
vertical magnification, ,,000;
horizontal magnification, 80.

(Lappéd and unlapped are similar

rofile)of a cast-iron ring after operation.
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Figure 5. - Standard umiapped cast-iron rings ofter operation.
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Figure 6. - Standard lopped cast-iron rings ofter operation.
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Side clearance

" Compression 0.002 - 0.004
Dual oil © 0.004 - 0.007
Rectangular oil 0.003 - 0.005

R |
Clearance is to be measured when
face of ring is flush with side
of piston

Clearance between piston and cylirder
barrel - 0.020 to 0.024 on diameter

. % 0.2005
X e
0.129 . E :

Figure 8. ~ Piston-ring arrangement.

All dimensions in inches.
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Figure 9. - Cgsg-fron plston-ring structure.
Xx100.
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Figure 10. - Cast-iron piston-ring structure.
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